Introduction
The von Willebrand factor A (VWA) domains are a family of 200-amino-acid 'modules', found predominantly in proteins of animal origin [ 1-31 (Table 1) . Most VWA-domain-containing proteins are components of the extracellular matrix (e.g. collagens VI, VII, XI1 and XIV), but VWA domains are also found in integral membrane proteins such as integrins (a subunits), and in complement proteins factor B and C2. The presence of VWA domains in a range of proteins implies that evolutionary events have occurred. The aim of this review is to summarize what is known about this process, highlighting major features, and trying, as far as is possible, to understand how VWA-domain-containing proteins might have evolved.
Modular proteins and evolution
Examination of almost any of the proteins involved in the extracellular matrix, cell adhesion, the immune system, blood coagulation and growth factors readily reveals that these proteins are made up of small regions that have identity with other proteins [4-61. Thus, while immunoglobulins are made up of immunoglobulin fold modules, similar modules are found in cell adhesion proteins such as ICAMs (intercellular cell adhesion molecules) and VCAM (vascular cell adhesion molecule). Likewise, epidermal growth factor repeats are found not only in epidermal growth factor itself, Abbreviations used: CCP domain, complement control protein domain; ICAM, intercellularcell adhesion molecule; VWA domain, von Willebrand factor A domain.
but also in factors IX and X, and in the matrix molecules fibrillins. It is generally believed that precursor modules were combined, shuffled and rearranged in the course of evolution to form the proteins seen today. This shuffling process probably facilitated the evolution of proteins with novel functions by forming new associations between functional domains. This would be of advantage in adapting to new situations or becoming more fit for an environment.
The shuffling process is believed to be closely related to exon and intron structure [4]. In general, module-containing exons are flanked by phase 1 introns (i.e. the intron falls after the first base of the codon). The presence of termini of identical phases in two or more exons means that they could be linked together without any frame shift. One mechanism by which the shuffling could occur is recombination between repetitive intronic sequences. Consistent with these general principles, ex- 
Functional evolution and conservation
Most of the modules that have been characterized to date do not have a conserved function. Thus immunoglobulin folds or epidermal growth factor repeats may often participate in the function of the protein in which they are found, but the nature of these interactions is not conserved across the domain family. A small number of modules, however, consistently have a function associated with them. A good example is the serine proteinase domains, typified by trypsin, with examples also found in blood coagulation and complement proteins. Studies on a number of these conserved domains have identified basic mechanistic principles for the domain family, which means that the identification of the domain on the basis of sequence alone can be the starting point for deducing much about its function. Studies of the VWA domains of integrins, complement and von Willebrand factor suggest that the VWA domains can be added to this small group of proteins where sequence evidence can infer function.
Conservation of binding sites
Studies of a number of integrins have shown that, for those with VWA domains in their a subunits, it is the VWA domain that is the major site at which integrins bind to other proteins (for reviews, see [14, 15] ). Studies aimed at pinpointing the sites within the VWA domains at which proteins bind have identified a number of regions, and superposition of these on to the X-ray crystal structures of integrin VWA domains shows them to be on the 'top' face of the VWA domain, adjacent to a cation-binding site ( Figure 1A) [15-171 (see the paper by Leitinger and Hogg in this colloquium for more detailed discussion of structure and binding sites).
Mutagenesis of the complement proteins factor B and C2 demonstrated that the VWA domains from these proteins play an important role in their function [18, 19] . Our identification of regions within the factor B VWA domain involved in binding specificity demonstrated that, as with the integrins, it is the region of the top face that is involved [20] . von Willebrand factor contains three VWA domains [21] . While the protein binding sites have not been mapped in as much detail as for the integrins or complement, findings are in general agreement with those outlined above for the other VWA domains [22] . Thus is can be seen that the binding sites for proteins on the VWA domains are probably conserved between three diverse groups of proteins.
Conservation of regions involved in regulation
VWA domains appear to exist in multiple activation states in a number of proteins: integrin aLb2 normally binds with low affinity to ICAMs unless it is activated; the interaction of von Willebrand factor with platelets, which is mediated by its A1 VWA domain, requires prior interaction of von Willebrand factor with subendothelial extracellular matrix, probably through the A3 A-domain [21, 23] ; and the complement factor B VWA domain also undergoes an increase in apparent affinity during complement activation (e.g. [20] ). Studies on the integrins have identified a number of regions that affect protein binding but which are topologically distinct from the binding sites outlined above, in particular the a2-a3 loop ( Figure 1A) [15,24-271. The likelihood is that these regions are involved in regulation of the VWA domain. Data from von Willebrand factor compare favourably [22] , and so the regions involved in VWA domain regulation may also be conserved.
The conservation of other facets of VWA domain function remains to be investigated. The a4-BD loop and the a5 helix of the aL VWA domain are probably involved in forming the interface between the VWA domain and the rest of the integrin [28] , but investigation of this region in other integrins or VWA domains has yet to be carried out. Finally, the nature of the sequences to which VWA domains bind is beginning to be revealed, although this has, as yet, been confined to integrins. Studies on the VWA domains of the collagen-binding integrin a2bl has indicated that the VWA domain, which is responsible for collagen binding, interacts with a GERGVE sequence, presented in a triple-helical structure, with the glutamate (E) from the GER playing an important role [29] . A glutamate residue is also involved in the recognition site for the aL VWA domain on ICAM-1 [30] . It remains to be seen whether glutamate residues are also involved in the interactions of other VWA domains with proteins.
The integrin subunit: a VWAdomaincontaining protein?
The VWA domains of integrin a subunits have been extensively studied, but in the paper describing the first crystal structure of a VWA domain (integrin a M ; [3] ), it was noted that there was a region within the integrin / 3 subunit which, on the basis of hydrophobicity plots, showed a resemblance to the VWA domains. This region of theb subunit is of particular interest, as it has been identified as forming, along with part of the a subunit, the site at which integrins bind other proteins (discussed in [3, 15] ). We studied the integrin / l subunit in detail using a bioinformatics approach, and found that secondary and tertiary structure predictions both supported the proposal of there being a VWA-domain-like structure in this region of the Bsubunit ; on the basis of this, we proposed a model for this domain [31] ( Figure  1B) . Comparison of this model with existing VWA domain structures indicates the presence of two additional loops, which, as they are located in or close to regions shown to be involved in binding and regulation, are potentially important. Others have also provided models for the integrin subunit VWA domain which differ somewhat [ 3 2,3 31 .
Similarities between some aspects of VWA domain function and that of the integrin B subunit VWA domain support the proposal of a VWA domain in the /3 subunit. First, the binding sites of a number of antibodies that block or enhance integrin function by binding to the /? subunit have been mapped, and were found to be present in the a2-a3 loop region [34] . One of these antibodies has been shown to act by modulating integrin conformation, rather than as a competitive/steric inhibitor of protein binding [35] , and so this region appears to be involved in regulation of the b subunit putative VWA domain, just as in the integrin a subunit VWA domains. Secondly, the recognition of aspartate-containing sequences such as RGD and LDV by integrins is well established, and the importance of the aspartate residues can be favourably compared with the presence of glutamate residues in the recognition sequences of collagen-binding integrins and aLb2 discussed above. It appears to have been a quirk of evolution that independently brought two examples of VWA domains into the a and / 3 subunits of the same protein.
Enlarging and organizing the VWA domain family
Since the presentation of a summary of known and accepted VWA domains in the paper of Lee et al. [3] (Table l) , many sequences have been deposited on to the databases. It is therefore likely that the VWA domain family has grown, with the sequencing of new members. Using computer-based tools to analyse the vast numbers of sequences now available, Schultz et al. [36] have compiled the SMART database (http ://coot.emblheidelberg.de/SMART), which aims to list all the examples of all known domains, including the VWA domains. As of 6 June 1999, SMART listed 601 VWA domains in 452 proteins; our preliminary examination of these sequences indicates that approx. 420 are either in the summary of Lee et al. [3] or are / I subunit VWA domains, leaving approx. 180 sequences, which in turn represent approx. 70 separate sequences or sets of homologues (D. Tuckwell, unpublished work) . While the VWA domains in Table 1 are mostly from vertebrates or mammals, with the notable exception of the apicomplexan parasite VWA domains, the 70 novel proteins include many invertebrate proteins, particularly from Cundidu elegans. However, there are also plant, fungal, bacterial and archaean sequences. T h e criteria for firmly incorporating these sequences into the VWA domain family have yet to be accepted, but the link between structural features and sequence motifs used for identification may need to be taken into consideration.
T h e VWA domain family was subjected to phylogenetic analysis to determine the relationships between different VWA domains. While it was possible to generate phylogenetic trees for sets of homologous proteins (e.g. all integrin VWA domains, or all complement VWA domains), the tree for a representative set of VWA domains covering the family as given in Table 1 showed few clear relationships between VWA domains from different proteins (D. Tuckwell, unpublished work) . This phenomenon has also been observed in other modules, such as serine protease domains [37] , CCP domains [38] and von Willebrand factor D domains (D. Marks, unpublished work), for which reliable relationships between domains from different proteins have also been difficult to identify.
Phylogenetic analysis was used in an attempt to understand the evolution of A domain function. There is clearly a set of VWA domains that bind 839 collagen (von Willebrand factor A3 and A1 VWA domains, and integrin a1 and a2 VWA domains), and a set that bind the complement protein C3, its derived fragment C3b or the C3 homologue C4 (complement factor B and C2, and a M and a x A domains). We were interested in determining whether the collagen-binding VWA domains or the C3/C4-binding VWA domains could be shown to be related; however, results were inconclusive (Figure 2 ). This could well be due to differences in range of species, and hence the amount of evolutionary information currently available. Thus complement sequences are available for organisms spanning the whole vertebrate/chordate/echinoderm group, while data for integrins go no further than chicken, and those for von Willebrand factor were confined to mammals. Further sequences may be necessary in order to resolve these relationships, but until then it remains a possibility that a collagen-binding function could be archetypal for the VWA domains.
Phylogenetic tree for VWA domain families containing members whose function is known (collagen-and

C3KCbinding VWA domains)
Note that the three families appear equidistant from the presumed root (where the novel VWA domain from Hydra, HT4, joins), with no clear groups of collagen-or C3K4-binding domains outside the protein families. An alignment ofthe conserved regions within VWA domains was analysed and the resulting distance tree is shown. Dots mark nodes supported by parsimony analysis (> 50% bootstrap replicates after parsimony analysis). Scale is expected numben of amino acid substitutions per Site, such that a branch of length 0.01 corresponds to a I % difference. Abbreviations: AH, golden mole; CA, cat; CK, chicken; FB, factor 6; HU, human; LAM, lamprey; MO, mouse; ORY, Japanese medaka fish: PI, pig; SP, sea urchin; XEN, Xenopus; ZEB, zebra fish. 
ComJement
B von Willebrnnd factor
Conclusions
In summary, mechanisms by which VWA domains could have evolved have been discussed, evidence has been presented for a conserved mechanism of action, the possibility of a VWA domain in the integrin p subunit has been discussed, and VWA domains have been seen to be widespread in the animal kingdom, and perhaps beyond it. Further functional studies, structural studies and genome sequencing and analysis should give a clearer understanding of the VWA domain as a functional unit, and of the way in which it has come to play such an important role in extracellular functions. 
